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The 51V nuclear magnetic resonance (NMR), magnetization and specific heat studies on
CeTi1−xVxGe3 have been performed to study the evolution from the ferromagnetic Kondo lat-
tice state (x = 0) to the antiferromagnetic state (x = 1), and in particular the emergence of a
”putative” ferromagnetic (FM) quantum critical point (FMQCP) at xc ≈ 0.4. From the tempera-
ture dependence of the relaxation rate, 1/T1T , and the Knight shift, K, for both the end materials
it is concluded that there are considerable competitions between ferro- and antiferro-magnetic cor-
relations. At the critical concentration (x = 0.35, 0.405) quantum critical spin-fluctuations consists
of weak but finite antiferromagnetic (AFM) spin-fluctuations admixed with ferromagnetic spin-
fluctuations. The putative ferromagnetic quantum critical point in CeTi1−xVxGe3 therefore is not
purely ferromagnetic in origin.
PACS numbers: 76.60.-k, 75.50.Gg, 75.30.Et, 75.25.Dk
INTRODUCTION
The generic Doniach type of phase diagram based on
the interplay of Ruderman, -Kittel, -Kasuya, -Yoshida
(RKKY) - and Kondo - interaction between well local-
ized moments is valid strictly only for antiferromagnetic
(AFM) isotropic RKKY-type of exchange[1]. For 4f sys-
tems this is a prerequisite for the emergence of quan-
tum criticality in general and the formation of a critical
point (QCP) in particular. The tuning of AFM corre-
lated 4f -systems by an external control parameter (sto-
ichiometry, pressure, magnetic field) towards the quan-
tum critical point QCP is still an active field of corre-
lated matter research[2–4]. Recently some anisotropic
Kondo systems gained a lot of interest due to the pres-
ence of ferromagnetic correlations in addition to the an-
tiferromagnetic ones and the Kondo interaction. Despite
sizable Kondo exchange long range ferromagnetic order
is found frequently at low temperatures in theses sys-
tems. Therefore one issue in modern correlated mat-
ter physics is the search for a ferromagnetic quantum
critical point (FMQCP) among 4f - and 3d- systems[5].
Many alloying and pressure studies are conducted so far
on various systems but unfortunately due to the fragile
interplay between FM and AFM correlations and under
an anisotropic crystal electric field these system undergo
other novel phase transitions and ”avoid” a FMQCP.
For correlated Yb-systems FM order is rare and so far
YbNi4P2 is the only FM 4f - sytem (with a Tc of 170 mK)
which could be tuned towards the FMQCP[6]. Among
the Ce-systems for CeRuPO[7], CeRu2Ge2[8] CeAgSb2[9]
or CeNiSb2[10] FM order was found but upon the ap-
plication of pressure long range AFM order is induced
before approaching the putative FMCP. Furthermore it
was shown that in CeFePO[11] and CePd1−xRhx[12] a
glass-like state ”Kondo cluster” state forms which also
avoids the tuning towards a FMQCP. The local NMR
technique was applied successfully on various systems be-
cause it probes the local fluctuations and aims in partic-
ular to expose the real nature of the magnetic fluctua-
tions (antiferromagnetic - versus ferromagnetic correla-
tions) by temperature- and field- scaling of the spin lat-
tice relaxation rate 1/T1T and the NMR shift K. Espe-
cially NMR is able to disentangle between finite q (AFM)
and q = 0 (FM) excitations[13, 14]. Simultaneously the
NMR provides information about the degree of disorder
in these alloyed systems which matters at the fragile crit-
ical point. For example in the heavy fermion CeFePO
where long range order is absent 31P NMR gave clear
evidence for FM correlations admixed onto AFM corre-
lations and Kondo interaction[15] whereas in the struc-
tural homologue CeRuPO stable long range FM order
is established by 31P NMR[7] measurements. Also, Ru
substitution in CeFePO tunes the system towards a criti-
cal point and ferromagnetic quantum critical fluctuations
have been clearly observed by 31P NMR[16]. In contrast
to that pressure studies at zero field on the pure CeRuPO
reveal a crossover to an AFM ordered state without the
formation of a putative FMQCP[17]. Here, it might en-
counter a complication by the applied magnetic field in
the NMR. This is also supported by pressure experiments
under magnetic field where features associated to FM or-
dering could be resolved. Therefore there is still a ongo-
ing search for tunable new 4f -based systems with ferro-
magnetic correlations as a platform for criticality.
Recently Kittler et al. succeeded to tune the FM
ordering temperature of the FM Kondo lattice system
CeTiGe3 (TC ≈ 14 K) monotonously down to a putative
FMQCP by V doping at the Ti site [18, 19]. The sup-
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FIG. 1: For x=1 sample; (a): 51V NMR spectra measured
at 31 MHz at 8 K, (b): temperature dependence of K(%),
(c): Kiso(%) versus χ measured at 2.8 T, (d) Temperature
depedence of 1/T1T .
pression of Tc is continuous with the V concentration,
the structure type (hexagonal perovskite P63/ mmc) is
preserved and no crossover to other phases is observed.
Nonetheless, CeTiGe3 is a rather anisotropic ferromagnet
and upon V-substitution the (c/a) ratio is reduced and
therefore the system is expected to be less anisotropic
in it’s magnetic properties (regardless of any possible
change of crystal electric field). Furthermore, the end
member on the V-rich side CeVGe3 is known as an anti-
ferromagnetic Kondo system with a TN of about 6K and
a relatively strong Kondo interaction of TK ≈ 40K (see
figure S5 in the supplemental material[20]). It should be
noted that in contrast to most of the systems discussed
above the V-substitution in CeTiGe3 is not isoelectric. In
Ce(Ti,V)Ge3 the tetravalent Ti is replaced by 5+ Vana-
dium which leads to a increase in carrier concentration.
Therefore, the V-substitution leads to a change in both
carrier concentration and the lattice constants that cer-
tainly has strong effects on both RKKY- and the Kondo-
interactions, as well. Recent pressure studies on CeTiGe3
suggest an avoided FMQCP but these are isoelectronic
studies which could not be completely be compared with
V-doping[21].
EXPERIMENTAL DETAILS
The powder samples of CeTi1−xVxGe3 (x = 0.113,
0.350, 0.405 and 1.000) used in this experiment were pre-
pared by the same method as reported[18]. It is well
known that these alloys crystallize to hexagonal per-
ovskite (BaNiO3-type) structure with P63/mmc space
group without any structural phase transitions through-
out entire concentration. The 51V NMR has been ob-
served by transient (pulsed) NMR technique with a com-
mercial NMR spectrometer (TecMag Apollo). The MMR
line profiles were obtained by integration of the spin-echo
magnitude with sweeping external filed at a constant fre-
quency. By simulating the line profile, the isotropic and
anisotropic Knight sifts (Kiso and Kani) have been ex-
tracted. The spin-lattice relaxation rate has been mea-
sured by the saturation recovery method where the re-
covery of nuclear magnetization was fitted to a stretched
exponential function (see supplemental material[20]).
In general, NMR deals with the nuclear spin moment
and probes the hypefine field at the nuclear site which
has static and dynamic components. The static part of
the hypefine field can be measured by the NMR (Knight)
shift, K(T ), which is related to the electron spin suscepti-
bility, χs(T ), with K(T ) = (Ahf/NµB)χ(T )+K0, where
Ahf is the hyperfine coupling constant between the nu-
clear and the electron spins, and K0 is a temperature
independent contribution. In conventional metals K0 is
mainly composed by both the orbital interaction associ-
ated with non s-electrons and the Fermi contact interac-
tion from s-like electrons (K0 = Korb + Kce). For non-
cubic materials like in the present case, the Knight shift
exhibits an anisotropic feature reflecting the anisotropy
of their susceptibility. In these cases, we often encounter
a characteristic NMR spectrum in powder sample owing
to the distribution of the Knight shifts, called the powder
pattern. For the uniaxial case, we could extract values
of K‖ (B0 is parallel to the symmetry axis) and K⊥ (B0
perpendicular to the symmetry axis) from the singulari-
ties of spectrum. Then isotropic and anisotropic Knight
shifts, Kiso and Kani, respectively, can be calculated by,
Kiso = (K‖ + 2K⊥)/3,Kax = (K‖ −K⊥)/3 (1)
Note that in the present case K‖ corresponds to K par-
allel to the c-axis (Kc) and K⊥ to K perpendicular to
the c-axis (Kab).
The fluctuating part of the hyperfine field is provided
via the spin lattice relaxation rate (1/T1) given by the
following expression,
(1/T1) ∝ T
∑
q
|Ahf (q)|
2χ′′⊥(q, ωn)/ωn (2)
where the sum is over the wave vectors q within the
first Brillouin zone, χ′′⊥(q, ωn) is the imaginary part of
the transverse dynamical electron spin susceptibility and
ωn is the Larmor frequency for NMR. Ahf (q) is the q-
dependent hyperfine form factor.
EXPERIMENTAL RESULTS AND DISCUSSION
Before discussing the compounds near to the FMQCP
(x = 0.350 and 0.405) we present at first the results for
mother compounds (AFM, x = 1.0 and FM, x = 0.113).
CeVGe3 (x = 1) is the end compound in this series and
known to be a heavy fermion itinerant antiferromagnet
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FIG. 2: For x=0.113 sample; (a): 51V NMR spectra measured
at 70 MHz at 20 K, (b): temperature dependence of K(%),
(c): Kiso(%) versus χ measured at 2.8 T, (d) Temperature
depedence of 1/T1T and inset shows 1/T1T vs Kiso(%).
with TK ≈ 40 K and TN ≈ 6 K. The
51V NMR have
been observed at a fixed frequency of 31.0 MHz (corre-
sponds to the zero shift at B0 = 2.77 T). The
51V NMR
spectra at 8 K, the temperature dependence of Kiso and,
the relaxation rate divided by temperature, 1/T1T , are
depicted in Fig. 1(a), (b) and (d). In order to obtain the
isotropic hyperfine coupling constant Aisohf the observed
Kiso are plotted as a function of the isotropic magnetic
susceptibility setting the temperature as an implicit pa-
rameter in Fig. 1(c). From the slope and the y-intercept
Aisohf and Korb were obtained to be +11.16 kOe/Ce-µB
and 1.3%. Here, Aisohf means that if Ce atom polarized 1
µB along the external field the V nucleus sees a hyperfine
field of 11.16 kOe along the field direction (transferred
hyperfine field).
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FIG. 3: 51V NMR spectra measured at 70 MHz for x =
0.35 (a) and 0.405 (b) sample, (c): Kiso(%) as a function of
temperature in different fields for x = 0.35 and 0.405 sample.
Despite the fact that CeVGe3 is believed to be an itin-
erant antiferromagnet with almost quenched magnetic
moment on Ce by the Kondo effect, Kiso, hence the static
susceptibility χs, has a strong temperature dependence,
meaning that χ(q) has not only a peak at the antifer-
romagnetic (AF, q = Q) wave vector but also it must
have large ferromagnetic (FM) component at q = 0. As
for the 1/T1T (T ) in Fig.1(d), the self-consistent renor-
malization (SCR) theory for weak itinerant AFM spin
correlations predicts 1/T1T (T ) ∝ a+ c/(T −TN)
1/2 type
divergence at TN . Although there is an anomaly at TN in
1/T1T (T ), the experimental data cannot be fitted to the
above formula. Therefore, combining the fact that Kiso
has the Curie-Weiss (CW) type temperature dependence,
we may argue that CeVGe3 is nominally AF but include
a strong contribution of FM correlations, i.e. χ(q) has
rather flat structure extended to q = 0. This is consid-
ered to be the reason for the depression of the critical
divergence at TN by the external field.
The other end member of the series is the x = 0.113
sample, which undergoes FM ordering at about 9 K in
zero field (see suppelemental material figure S5[20]). The
51V-powder NMR spectra shown in Fig. 2(a), has a large
anisotropy (Ka/Kc ≃ 0.26 at 20 K) which is consistent
with the anisotropy in magnetization reported for single
crystals[23]. As is described below, the anisotropy tends
to vanish towards the FMQCP but increases slightly
again in CeVGe3 where the anisotropy is reversed as
Ka/Kc ≃ 2.37 at 8 K.
The Kiso which was extracted from Kc and Kab is
shown in Fig. 2(b) and 1/T1T (T ) in Fig.2(d), as well.
One can immediately observed that both Kiso(T ) and
1/T1T (T ) have a characteristic temperature dependence
towards the FM ordering temperature. Although we
know that 1/T1T (T ) scales to K
2
iso(T ) (Korringa law) in
uncorrelated or weakly correlated metals, 1/T1T (T ) in
CeTi0.887V0.133Ge3 has a linear dependence on Kiso(T )
as shown in the insert of Fig. 2(d). From this dependence
CeTi0.887V0.133Ge3 can be regarded as a weak itinerant
ferromagnet and one can adopt the SCR theory for weak
ferromagnets to understand qualitatively its magnetic
properties. In the frame work of SCR theory, 1/T1T (T )
under an external field may be expressed as,
(1/T1T )SF = κχd/(1 + χ
3
dB
2
0P ), (3)
and well reproduce the experimental 1/T1T (T ) shown in
Fig. 2(d) for B0 = 6.25 T. Here, P is a constant related to
the area of the Fermi surface of the magnetic electrons,
and κ is related to the spin-fluctuation parameter, T0,
with the following equation.
(1/T1T ) ≃ 3~γ
2
nHhfK
spin
iso /16piµBT0. (4)
The slope of 1/T1T (T )) vs. Kiso(T ) plot in the inset of
Fig. 2(d) yields the value of T0 to be 21 K. The deviation
from 1 of the ratio (TC/T0) gives the degree of itineracy
4of the 4f electrons[26–28]. TC ≈ T0 indicates that the
enhancement of χ(q) is not confined at q = 0 but rather
extends to a larger q values. This situation is similar as in
CeVGe3, as described above, where we have argued that
the q dependence of χ(q) has extended towards q = 0
from the AF wave vector. Therefore, we can conclude
that for both the end materials there are considerable
competitions between FM and AFM correlations in the
present system. This conclusion leads to the following
discussion about quantum criticality for the materials in
between.
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FIG. 4: (a) and (b): Temperature versus 1/T1 for x = 0.35
and 0.405 at different fields, (c): τc (spin density fluctuation
time) as a function of field.
As described above, both ferromagnetic and antifer-
romagnetic end materials have considerable mixing of
ferro- and antiferro-magnetic correlations, meaning χ(q)
has extended to a large range of the q-space between
q = 0 and q = Q (Q being antiferromagnetic wave vec-
tor). Now we will discuss the nature of critical behavior
in x = 0.35 and 0.405 which are close to the putative
FMQCP in the phase diagram of CeTi1−xVxGe3. Here,
the 51V NMR measurements have been performed un-
der different applied magnetic fields. The spectra are
less anisotropic compared to x = 0.113 and x = 1 as
shown in Fig.3(a, b), and less temperature dependent.
The temperature dependence of Kiso at 2.76 T and 6.25
T is shown in Fig. 3(c). Kiso(T) for both materials fits
very well to the constant plus CW terms with the Weiss
constant of nearly 18 K. The temperature dependence
of the relaxation rate, 1/T1(T), is shown in Fig.4(a) and
(b) for x = 0.35 and x = 0.405. As is observed imme-
diately, 1/T1(T) has a characteristic cross over from low
temperature Korringa process (1/T1 ∝ T ) to the temper-
ature independent process above a certain temperature,
T ∗, which depends on field. The behavior above T ∗ may
be understood by the fact that upon increase of temper-
ature the longitudinal spin density fluctuations saturate
around T ∗ and the transverse fluctuations dominate the
spin dynamics. This is just like the case of local moment
fluctuations in insulators (so called temperature induced
local moment, TILM). In this case, we may evaluate the
characteristic correlation time of the spin density fluctu-
ations, τc, from the following equation analogical to the
case for insulating magnets:
(1/T1)TILM = (Ahf/~)
(2pi)1/2 < S2L >
3
.τc (5)
where (1/T1)TILM is temperature independent value ob-
served above T ∗, Ahf is the hyperfine coupling constant
and < S2L > is amplitude of the local spin density. Using
the experimental values of (1/T1)TILM , τc are evaluated
and shown in Fig. 4(c) as a function of field. As is seen
in Fig. 4(c), τc for the both samples increases linearly
with field, indicating that the characteristic frequency
for the spin correlations decreasing with external field,
approaching towards a magnetic order. In order to see
more details, we plot T1T which is a measure of inverse
χ′′⊥(q, ωn) as a function of temperature in Fig. 5(a) and
(b) for x = 0.35 and x = 0.405. For both cases T1T (T)
above T ∗ behaves like the CW with the Weiss constant,
θ, which increases as a function of applied magnetic field
(figure 5(c)). The enhancement of θ as a function of field
supports the fact that field flavoring magnetic order. θ
for the lowest field for both the samples are very close to
zero which indicates quantum critical spin-fluctuations.
Note that the field dependent Curie constants correspond
to the inverse of τc.
As is seen in Fig. 4(a) and (b), at temperatures
well below T ∗ the nuclear relaxation process is gov-
erned by the Korringa process where interacting electron-
hole pair excitations are the primary source of the mag-
netic excitations. Treating the interaction of the quasi-
particles within a random phase approximation, RPA,
we have the modified Korringa relation expressed as,
S0/T1TK
2
spin = K(α), where S0 is the universal constant
with S0 = (~/4pikB)(γe/γn)
2. Here, K(α) < 1 means the
spin-fluctuations are enhanced around q = 0, leading to
the predominance of FM correlations, and K(α) > 1 in-
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different fields for x = 0.35 and 0.405, (b): θ as a function of
field for x = 0.35 and 0.405.
dicates that finite q (typically AF) spin-fluctuations are
predominantly enhanced. The estimated x dependence of
K(α) at 2 K (a temperature where the modified Korringa
law is valid) is shown in the lower panel of Fig.6 which
indicates that the dominating ferromagnetic correlations
are smoothly reduced with increasing x, the effective mo-
ment µeff shows the same behavior.
Additional evidence for the decrement of dominant fer-
romagnetic correlations with V substitution have been
further confirmed by Wilson ratio, Rw =
pi2R
3C
χ(0)
γe
, where
R is the ideal gas constant, C is the Curie constant,
χ(0) is the low temperature susceptibility, and γe is the
electronic specific heat coefficient. The RW value for
x = 0.35 and x = 0.405 are estimated to be 9.7 and
3.7 at 5 K.
The evidence for the presence of weak AFM spin-
fluctuations on the top of dominant FM spin-fluctuations
for a system which is close to the FMQCP have also been
seen recently in case of Ru doped CeFePO and the ap-
pearance of such AFM spin-fluctuations was discussed to
be due to the Fermi surface instability which happens
in case of local QCP. The presence of considerable AFM
correlations even far away from the putative QCP (for
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from our study of CeTi1−xVxGe3. The arrows indicate sam-
ples used in this study.
x = 0.113 sample) indicates the absence of pure QCP in
this system. Furthermore, we have seen that the shift
anisotropy reduces a lot in the systems towards the QCP
and can be considered as a isotropic material which in-
dicates the isotropic nature of local fields at the V site
which excludes the possibility of local QCP because for
local QCP a 2D XY type of anisotropy is a necessary
condition. It is noteworthy that in case of Ca doped
SrRuO3[35] and of MnSi[36] a continuous change of T0
has been seen like in V doped CeTiGe3 (present case). A
continuous behavior of T0, A
iso
hf , K(α) and RW towards
putative QCP found in CeTi1−xVxGe3 have been seen.
It should be mentioned that unusual slow fluctuating
glass-like electronic phases near ferromagnetic quantum
criticality have been proposed by theory due to the com-
peting interactions[37] and in our case competition be-
tween dominating FM and weak AFM correlations might
induce such states which prevents the formation of a pure
FMQCP. But from NMR we did not find any pronounced
signature of a glassy-like inhomogeneous state like strong
line broadening. It has also been mentioned in theory for
an itinerant system that in three dimensional systems the
FMQCP is unstable, and the system will undergo a first
order phase transition or into a commensurate phase[38].
The critical behavior at low temperatures rules out the
presence of first order character in the present system but
a commensurate state might form near to the FMQCP.
It is worth mentioning that the specific heat measure-
ment at zero magnetic field and down to 100 mK of the
sample with x = 0.405 shows no ordering and follows log-
arithmic divergences (which we have also seen), but the
x = 0.355 sample shows a clear signature of bulk order-
ing (further justifying the absence of strong disorder) at
1 K[19]. This implies that due to presence of quantum
critical FM spin-fluctuations admixed with AFM ones,
the system enters to a novel state of matter. To clar-
6ify the nature of such state extensively, one needs to do
more rigorous NMR study in highly pure single crystals
towards very low temperatures and at low fields or to
apply other low field techniques like µSR.
CONCLUSION
To conclude, 51V NMR, magnetization and specific
heat measurements have been performed on polycrys-
talline CeTi1−xVxGe3 systems. NMR as a local probe
provides informations about magnetic fluctuations ac-
corss the phase diagram. CeVGe3 shows a temperature
induced local moment behavior above TN = 6 K and
a lack of critical fluctuations above TN . The tempera-
ture dependence of 1/T1T of the system with x = 0.113
(TC ∼ 15K at 6.4 T) can be well explained by self con-
sistent renormalization theory for itinerant ferromagnetic
systems. At the critical concentration (x = 0.35, 0.405)
quantum critical spin-fluctuations consist of weak but fi-
nite antiferromagnetic (AFM) spin-fluctuations admixed
with ferromagnetic spin-fluctuations. The spin fluctua-
tion parameter T0 and K(α) (which probes the strength
of FM spin fluctuations) have been estimated for x =
0.113, 0.35 and 0.405 which shows a continuous suppres-
sion towards xC . Surprisingly the critical samples lack
the finger print of a pure FMQCP, the 1/T1T ∼ T
−4/3
NMR power law[39] is absent. Instead of that we have
strong evidence for the presence of AFM spin fluctua-
tions. From the microscopic NMR study presented here
we state that the system is unique and that the putative
FMQCP is not a pure one and the correlations involved
are rather complex.
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